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ABSTRACT
Winds of cool dwarfs are difficult to observe, with only a few M dwarfs presenting
observationally-derived mass-loss rates ( ÛM), which span several orders of magnitude.
Close-in exoplanets are conveniently positioned in the inner regions of stellar winds
and can, thus, be used to probe the otherwise-unobservable local properties of their
host-stars’ winds. Here, we use local stellar wind characteristics observationally-derived
in the studies of atmospheric evaporation of the warm-neptune GJ 436b to derive the
global characteristics of the wind of its M-dwarf host. Using an isothermal wind model,
we constrain the stellar wind temperature to be in the range [0.36,0.43] MK, with
ÛM = [0.5, 2.5] × 10−15 M yr−1. By computing the pressure balance between the stellar
wind and the interstellar medium, we derive the size of the astrophere of GJ 436 to be
around 25 au, significantly more compact than the heliosphere. We demonstrate in this
paper that transmission spectroscopy, coupled to planetary atmospheric evaporation
and stellar wind models, can be a useful tool for constraining the large-scale wind
structure of planet-hosting stars. Extending our approach to future planetary systems
discoveries will open new perspectives for the combined characterisation of planetary
exospheres and winds of cool dwarf stars.
Key words: planetary systems – stars: individual: GJ 436 – stars: low-mass – stars:
winds, outflows
1 INTRODUCTION
Stellar winds play important roles in stellar rotational evo-
lution (Schatzman 1962; Parker 1958; Weber & Davis 1967)
and exoplanetary systems (Ip et al. 2004; Vidotto et al. 2009;
Llama et al. 2013; Grießmeier et al. 2005; Vidotto et al.
2010a; Khodachenko et al. 2007; Lammer et al. 2007; Zen-
dejas et al. 2010). Unfortunately, the tenuous winds of cool
dwarf stars (F to M) are very challenging to be measured
(e.g., Wood 2004). So far, only a few techniques have been
used to probe these rarefied winds, which implies that prop-
erties such as terminal (asymptotic) wind velocity, mass-loss
rates and temperatures, are still restricted to about a dozen
or so low-mass stars (Cranmer & Saar 2011).
Some attempts to detect winds from dwarf stars have
been inspired on the theory of radio free-free thermal emis-
sion from the winds of evolved cool stars (Panagia & Felli
1975). Through the lack of detection of radio emission, sev-
eral works have placed important upper limits on mass-loss
rates of cool dwarf stars (e.g., Lim & White 1996; van den
Oord & Doyle 1997; Gaidos et al. 2000; Villadsen et al. 2014;
? E-mail: Aline.Vidotto@tcd.ie
Fichtinger et al. 2017; Vidotto & Donati 2017). Another sug-
gested method proposed to probe stellar winds is through
the detection of X-ray emission generated when ionised wind
particles charge exchange with neutral atoms of the inter-
stellar medium (Wargelin & Drake 2002). Similarly to the
radio technique, this technique has so far only provided up-
per limits on mass-loss rates of dwarf stars. A third method,
which has been used more often, lies on modelling the ob-
served Ly-α line profile of the target star, taking into con-
sideration the absorption of the line profile along the line-
of-sight (Wood et al. 2001). Absorption occurs as the Ly-α
photons travel through the stellar astrosphere1, the interstel-
lar medium and the heliosphere. The reconstruction of the
Ly-α line, through a combination of hydrodynamical mod-
elling and high-spectral resolution observations, has enabled
estimates of mass-loss rates for about a dozen dwarf stars
(Wood 2004).
1 The astrosphere is the stellar equivalent of the heliosphere, i.e.,
it is the region surrounding the star that is permeated by the stel-
lar wind. The outer boundary of the astrosphere is the interstellar
medium.
© 2017 The Authors
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These three aforementioned techniques were used in a
few attempts to measure the mass-loss rates of the clos-
est star to our Sun, Proxima Centauri. Only upper limits
were derived for Prox Cen’s mass-loss rate (Table 1). This
lack of detection of the wind of the closest star to our Sun
stresses the challenge of measuring wind properties of cool
dwarf stars and, in particular, of M dwarf (dM) stars, such
as Prox Cen. In addition to Prox Cen, estimates of mass-loss
rates also exist for other dM stars, in particular those mem-
bers of eclipsing binary systems, in which the primary is a
white dwarf. In these systems, the white dwarf accretes, pre-
sumably through a Bondi-Hoyle type accretion, the stellar
wind material from the dM companion (Debes 2006; Par-
sons et al. 2012). By modelling the accretion rates, the stel-
lar wind outflow rates can be inferred. At the moment, it is
unclear if the coronae and winds of dM stars in these binary
systems are similar to those of isolated/non-interacting dM
stars. Table 1 summarises the mass-loss rates inferred for dM
stars, where the dM stars in close binary systems are marked
with an asterisk. For the interacting stars where only mass-
accretion rates onto the white dwarf companions have been
reported (Parsons et al. 2012), these values are set as lower
limits for the mass-loss rates of the dM stars. For example,
Debes (2006) finds that dM mass-loss rates are about 15 to
100 times larger than white dwarf mass-accretion rates.
Another indirect way to probe stellar winds, and that
will be the focus of this paper, is by a relatively recent,
and promising, technique used in studies of exoplanetary
evaporation (Holmstro¨m et al. 2008; Ekenba¨ck et al. 2010;
Ben-Jaffel & Sona Hosseini 2010; Bourrier & Lecavelier des
Etangs 2013; Kislyakova et al. 2014; Bourrier et al. 2016,
B16, from now on). Through modelling of the interaction
between the upper planetary atmosphere and the stellar ra-
diation pressure and winds, the reconstruction of the trans-
mitted spectrum of the star through the atmosphere of the
transiting planet is capable of placing constraints on the
evaporation (mass-loss rates and velocities) of exoplanetary
atmospheres. As a by-product of this technique, one can
then place constraints on the local conditions of the wind of
planet-hosting stars. In this technique, the planet is used as
a probe for the stellar wind, i.e., a sort of wind-ometer.
The characterisation of winds of dM stars is also of
strong relevance for studies of planetary habitability. dM
stars have been central in the search for potentially habitable
terrestrial planets – their large numbers in the Galaxy, small
radii, and closer-in habitable zones makes them the prime
targets to detect exoplanets orbiting within this region (e.g.
Gillon et al. 2017; Dittmann et al. 2017). A planet orbiting
in the habitable zone could retain liquid water on its surface
(e.g., Kasting et al. 1993). However, the presence of a planet
in a habitable zone is not an indicator of habitability, as
many other factors should be taken into consideration (e.g.,
Scalo et al. 2007; Tarter et al. 2007; Lammer et al. 2009),
including the presence of stellar winds, which can erode an
unprotected planetary atmosphere, being harmful for the
creation and development of life (Zendejas et al. 2010; Vi-
dotto et al. 2011, 2013; See et al. 2014; do Nascimento et al.
2016).
In this paper, we focus on the wind of the planet-hosting
star GJ 436, an M2.5 dwarf star. The goal of this paper is
to use results provided by studies of exoplanetary evapora-
tion to obtain additional constraints on the wind of GJ 436.
These constraints include: mass-loss rates, wind tempera-
ture, wind characteristics as a function of distance to the
star, terminal velocities and astrospheric sizes. This paper
is organised as follows. Section 2 summarises previous local
constraints derived for the wind of GJ 436, which are then
used to feed our global stellar wind models, presented in
Section 3. Our results are shown in Section 4, followed by
our discussion and conclusions in Sections 5 and 6.
2 PREVIOUS CONSTRAINTS DERIVED FOR
THE WIND OF GJ436
Observations of the warm-neptune GJ 436b performed with
HST/STIS at three different epochs in the stellar Ly-α line
revealed deep, repeatable transits attributed to a giant ex-
osphere of neutral hydrogen (Kulow et al. 2014; Ehrenreich
et al. 2015; Bourrier et al. 2015, 2016). Bourrier et al. (2015)
and B16 explained the structure of this exosphere by the
combined effects of radiative braking and stellar wind inter-
actions on the neutral hydrogen atoms escaping the planet
upper atmosphere (see Figure 1). While the low radiation
pressure from the dM host star brakes the gravitational fall
of the escaping gas and allows its dispersion within a large
volume around the planet, charge-exchange between the es-
caping gas and stellar wind protons leads to the abrasion of
the outer regions of the exosphere, and the partial neutrali-
sation of the wind. This secondary population of neutralised
protons has the velocity distribution of the stellar wind,
which differs from the dynamics of the planetary neutrals
that originally escaped from the planet. This interpretation
has been strengthened by new observations of GJ 436 in the
Ly-α line (Lavie et al. 2017, in prep.), which completed the
coverage of the exospheric transit up to about 20h after the
transit of the planet, and validated the structure predicted
by B16 for the exospheric tail. Absorption of the stellar Ly-α
line by the exosphere of GJ 436b thus traces both the prop-
erties of the planetary upper atmosphere and that of the
stellar wind.2
Given the complexity of extended exospheres, such
properties are best retrieved by the use of three-dimensional
(3D) numerical models, such as with the EVaporating Exo-
planets (EVE) code. The code EVE was developed to calcu-
late the structure of an exoplanet upper atmosphere and the
transmission spectrum of the species it contains, like neutral
hydrogen (e.g., Bourrier & Lecavelier des Etangs 2013; Bour-
rier et al. 2015). EVE performs Monte-Carlo particle simula-
tions to compute the dynamics of hydrogen meta-particles in
the exosphere. Particles are subjected to a number of phys-
ical mechanisms, including radiation pressure and interac-
tions with the stellar wind. The code calculates theoretical
Ly-α spectra as seen with the HST after absorption by the
planet, its atmosphere, and the interstellar medium. The
direct comparison of these spectra with observational data
allows for the inference of several physical properties of both
the planetary atmosphere and the star. EVE has been used
2 Although the astrosphere, the interstellar medium, the helio-
sphere and the exoplanetary atmosphere can all absorb the Ly-α
line, only the latter causes variations on short timescales (a few
hours during transits), while variations of the stellar Ly-α line
occur on longer timescales (several years).
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Table 1. Mass-loss rates inferred for M dwarf stars.
Star sp. ÛM ÛM reference log(LX ) reference
type (M yr−1) ( ÛM) ( ÛM) (erg s−1) (LX )
GJ 436 M2.5 (0.45 − 2.5) × 10−15 0.02 − 0.13 This work 26.76 Ehrenreich et al. (2015)
EV Lac M3.5 2 × 10−14 1 Wood et al. (2005) 28.99 Wood et al. (2005)
SDSS J1212-0123 M4∗ > 6.4 × 10−17 > 0.003 Parsons et al. (2012) - -
WD 1026+002 M4∗ 1 × 10−16 0.005 Debes (2006) - -
EG UMa M4∗ 1 × 10−16 0.005 Debes (2006) - -
GK Vir M4.5∗ > 2.2 × 10−17 > 0.001 Parsons et al. (2012) - -
YZ CMi M4.5 < 1 × 10−12 < 50 Lim & White (1996) 28.55 Morin et al. (2008)
. . . . . . < 2 × 10−12 < 100 van den Oord & Doyle (1997) . . . . . .
Prox Cen M5.5 < 7 × 10−12 < 350 Lim et al. (1996) 27.22 Wood et al. (2005)
. . . . . . < 4 × 10−15 < 0.2 Wood et al. (2001) . . . . . .
. . . . . . < 2.8 × 10−13 < 14 Wargelin & Drake (2002) . . . . . .
RR Cae & M6.5∗ 6 × 10−15 0.3 Debes (2006) - -
∗Secondary star of eclipsing white dwarf + M dwarf binary.
Figure 1. Schematic representation of the neutral hydrogen cloud
surrounding GJ 436b. Planetary orbit is shown by the ellipse. Fig-
ure adapted from B16.
in this way to study the exospheres of most known evaporat-
ing exoplanets (e.g., Bourrier & Lecavelier des Etangs 2013;
Ehrenreich et al. 2012; Bourrier et al. 2014, 2015).
B16 used the code EVE to simulate the exosphere of
GJ 436b. These authors were able to place strong constraints
on the bulk velocity, kinetic dispersion and density of the
stellar wind protons, described with a Maxwellian distribu-
tion, at the location of GJ 436b. By independently fitting
the HST observations secured at different epochs, B16 found
that the bulk velocity of the stellar wind is stable over time
with a value 85+6−16 km s
−1. Small deviations to the stable
structure of the exosphere detected between the different
epochs were attributed to variations in the stellar wind den-
sity, which was found to be in the range [0.9, 4.8]×103 cm−3,
computed at the semi-major axis distance a. Table 2 shows
the physical properties of the system and Table 3 compiles
the relevant properties of the wind of GJ 436. The proton
density presented in Table 3 is the one computed at at mid-
Table 2. Properties of the GJ 436 planetary system.
stellar massa M? 0.452 M
stellar radiusb R? 0.437 R
agea τ 6+4−5 Gyr
X-ray luminosityc LX 5.7 × 1026 erg s−1
semi-major axisb a 0.0287 au
. . . a 14.1 R?
Eccentricityd e 0.16
mid-transit orbit at 0.0306 au
. . . . . . 15.1 R?
distance d 10.14 pc
aTorres (2007); bKnutson et al. (2011); cEhrenreich et al. (2015);
dLanotte et al. (2014)
transit (B16 present values computed at a instead) and is
in the range [0.8,4.2]×103 cm−3. Finally, we note that B16
derived an upper limit of about 20 km s−1 on the 3D kinetic
dispersion of the wind protons around the bulk motion of
the wind. As in the present paper we use a (1D) hydrody-
namical approach to describe the stellar wind, our model
is not sensitive to these random (thermal) velocities of the
particles.
3 THE STELLAR WIND MODEL
Through the modelling of the exospheric escape of GJ 436b
with the code EVE, B16 determined the local stellar wind
velocity and density. This, as a consequence, advances our
understanding of the local interplanetary medium. How-
ever, to be able to characterise the global characteristics
of the wind of the host star, we need to couple these re-
sults to a wind model. In the present work, we assume use a
spherically symmetric, steady-state isothermal wind model
(Parker 1958) to derive the global characteristics of the wind
of GJ 436. For a hot coronal wind (i.e., with temperatures
T of around a million K), thermal pressure gradient is able
to drive the wind. The wind radial velocity u is thus derived
MNRAS 000, 1–9 (2017)
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Table 3. Local and global stellar wind properties of GJ 436. The
local velocity and proton density represent the local stellar wind
conditions at the position of GJ 436b during mid-transit (repre-
sented by the subscript “t”).
local velocitya ut 85+6−16 km s
−1
local proton densitya np, t 2.0+2.2−1.2 × 103 cm−3
mass-loss rateb ÛM 1.2+1.3−0.75 × 10−15 M yr−1
. . . . . . 0.059+0.074−0.040 ÛM
wind temperatureb T 0.41+0.02−0.05 MK
terminal velocityb u∞ 370+10−30 km s
−1
ISM column densityc NISM 1 × 1018 cm−2
ISM average H densityb nISM 0.03 cm−3
ISM/star rel. velocityb vISM 81 km s−1
astrospheric sizeb Rast 25 au
aB16; bThis work; cBourrier et al. (2015)
from the integration of the momentum equation
ρu
∂u
∂r
= − ∂
∂r
(
ρ
µmp
kBT
)
− ρGM?
r2
, (1)
where ρ = nµmp is the wind mass density, µ the mean-
particle weight, mp the proton mass, r the radial coordi-
nate, and kB and G are the Boltzmann and gravitational
constants. Here, we assume that the stellar wind is a fully
ionised hydrogen plasma (µ = 0.5), so that its total particle
density is n = np/µ = 2np. The equation of motion (1) can
be integrated to yield (Lamers & Cassinelli 1999)
u exp
(
− u
2
2c2s
)
= cs
r2s
r2
exp
(
3
2
− 2rs
r
)
(2)
where cs = (kBT/µmp)1/2 is the isothermal sound speed and
rs = GM?(2c2s )−1 is the point beyond which the solution be-
comes supersonic. Equation (2) is a transcendental equation
that can be easily solved numerically for u provided the wind
temperature T and stellar mass M? and radius R? are given
(see also Cranmer 2004).
Under the assumption of a spherically symmetric stellar
wind, mass conservation implies that the wind mass loss
rate is given by ÛM = 4pir2ρu = constant. Therefore, the wind
density profile ρ(r) is
ρ =
ÛM
4pir2u
, (3)
with u given by Equation (2).
4 GLOBAL CHARACTERISTICS OF THE
WIND OF GJ436
Using the model presented in Section 3 and the observa-
tional constraints derived for the local conditions of the wind
of GJ 436 (B16, i.e., at the mid-transit orbital distance), we
derive next the global characteristics of the wind of GJ 436,
namely the wind mass-loss rate, temperature and the veloc-
ity and density profiles.
Mass conservation implies that
ÛM = 4pir2ρu = 4pia2t (np,tmp)ut , (4)
where the subscript “t” indicates that the quantities are cal-
culated at the position of the planet at mid-transit. From
the values derived by B16 (cf. Table 3), we find a mass-loss
rate for GJ 436 of 1.2+1.3−0.8 × 10−15 M yr−1.
Since T is an unconstrained quantity of the stellar wind,
we use the observationally-derived bulk velocity at the po-
sition of the planet (cf. Table 3 and B16) to derive the wind
temperature. We start by solving Equation (2) for a range
of wind temperatures from 0.2 to 0.8 MK. The top panel
of Figure 2 shows the wind velocity at the position of the
planet as a function of the adopted wind temperature. The
wind model that best matches the observationally-derived
velocity of 85+6−16 km s
−1 has a temperature of 0.41+0.02−0.05 MK
(i.e., temperatures in the range of 0.36 to 0.43 MK).3 Using
the empirical relation between the average coronal tempera-
ture and X-ray fluxes from Johnstone & Guedel (2015), the
predicted average coronal temperature of GJ 436 is about
1.8 MK. This is larger than the temperature predicted by
our wind model. This difference can be explained by the
different origins of X-ray emission and stellar wind. As it
happens in the Sun, it is likely that in GJ 436, the X-ray
emission arises from the closed-magnetic field line region,
while the wind originates in open field line regions (coro-
nal holes), which are X-ray dark. Our low temperature for
GJ 436 might thus indicate that the closed coronal region is
hotter than the open-magnetic field line region.
The bottom panel of Figure 2 shows the velocity pro-
files of the stellar wind for three different wind temperatures.
The black solid line is for a wind temperature of 0.41 MK
(best match of the observationally-derived velocity at the
planet orbit) and the blue dashed lines for temperatures of
0.36 and 0.43 MK (i.e., associated to the 1-σ uncertainty
in the observed velocity). The sonic point (circles in Figure
2b), i.e., the point beyond which the wind velocity becomes
supersonic, is, by coincidence, close to the orbital distance
of GJ 436b. Figure 2b shows that, depending on the tem-
perature of the wind, the planet might orbit in the subsonic
wind. In spite of this, the motion of GJ 436b through the
stellar wind is likely supersonic, as the Keplerian velocity of
the planet is ∼ 120 km s−1.
Although the transit observations allow us to infer the
density np,t at the position of the planet, for us to obtain the
density at wind base n0, we need to solve the wind equations,
as a simple r−2 law only works in the asymptotic wind regime
(i.e., far from the star, where the velocity approaches u∞).
From Equation (4), we have that
np,0 =
(
at
R?
)2 ut
u0
np,t , (5)
where the subscript “0” indicates quantities evaluated at the
wind base, which we take to be at r = R?. The wind velocity
at the wind base u0 is obtained from the solution of the
3 It is worth comparing the velocity of the wind of GJ 436 with
those of the solar wind. At a distance of 15 R, which is the
equivalent normalised distance to GJ 436b’s orbit, the observed
velocities of the solar wind range from 175 to 350 km s−1, which
is consistent to a 1-MK isothermal solution for the solar wind
(Wang et al. 2000). Compared to the wind of GJ 436, the solar
wind has both higher local velocities and modelled temperature
at the equivalent distance to GJ 436b.
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Figure 2. (a) Model-predicted local wind velocity (i.e., at the
position of the planet at mid-transit) versus the wind temper-
ature. The observationally-derived velocity of 85+6−16 km s
−1 at
the position of the planet (cf. Table 2, B16) constrains the stel-
lar wind temperature of GJ 436 to be in the range between 0.36
and 0.43 MK. (b) The inner velocity profile of the stellar wind.
Black solid line assumes a wind temperature that best matches
the observationally-derived velocity at the planet orbit, while the
blue dashed lines are associated to the 1-σ uncertainty in the ob-
served velocity. Circles indicate the distance at which the wind
becomes supersonic.
momentum equation (1), while ut , np,t , at and R? are given
in Tables 2 and 3.
Figure 3a shows the density profile of the stellar wind,
where the left (right) axis shows the proton (total mass) den-
sity. The solid lines are as in Figure 2b, where the black solid
line is the solution for the case with a wind temperature of
0.41 MK (best match of the observationally-derived veloc-
ity at the planet orbit), and the blue dashed lines represent
wind temperatures associated to the 1-σ uncertainty in the
observationally-derived velocity. The density profiles shown
in Figure 3 were scaled to match the local wind density at
the position of the planet (square). The model with a wind
temperature of 0.41 MK predicts a stellar wind base densi-
ties of about 2× 1015 cm−3. The base density decreases by a
factor of 3 for a wind temperature of 0.43 MK and increases
by a factor of ∼ 50 for 0.36 MK, showing that the density
profile is very sensitive to wind temperature. The base den-
Figure 3. (a) Stellar wind density profile of GJ 436 as a func-
tion of distance for different wind temperatures. The vertical left
(right) axis shows the proton (total mass) density. The solid lines
are as in Figure 2b and were scaled to match the observationally-
derived local wind density at the position of the planet (square).
(b) The same, but for the stellar wind ram pressure calculated
according to Equation (6). The thin black line represents the ram
pressure as seen by an orbiting planet in circular Keplerian mo-
tion. See text for more details.
sity is likely overestimated in our models, but the density
profile is less affected in the super-sonic region of the wind,
as we discuss in Section 5.
Our modelling also allows us to compute the ram pres-
sure of the wind, which is required to calculate the extension
of planetary magnetopauses, in the case of a planets with
intrinsic magnetospheres (e.g., Chapman & Ferraro 1930),
or the extension of ionopauses, in the case of direct inter-
action of the stellar wind with ionospheres (e.g. Luhmann
1986). It is also used to calculate the size of astrospheres, as
we present further below. The stellar wind ram pressure is
given by
Pram = ρu2 (6)
where ρ is the mass density and u is the wind velocity. Figure
3b shows the ram pressure profile as a function of distance
for the wind of GJ 436. For planets orbiting at close distances
MNRAS 000, 1–9 (2017)
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to their host stars, the planet’s orbital Keplerian velocity
uK might be comparable to or even larger than the local
stellar wind velocity (e.g. Vidotto et al. 2010b). In these
cases, the ram pressure exerted on the planet is given by
Pram = ρ(∆u)2, where ∆u = u − uK is the relative velocity of
the planet through the stellar wind. This is represented in
Figure 3b by the thin black line. As we notice, for planets
orbiting at distances beyond 20 R?, the Keplerian velocity
becomes negligible compared to the wind velocity and Pram
approaches the solution from Equation (6). The ram pres-
sure exerted on GJ 436b, which includes the Keplerian veloc-
ity of 120 km s−1, is 1.4×10−6 dyn cm−2. Assuming GJ 436b
has a dipolar magnetic field, an upper limit for GJ 436b’s
magnetic field of 60% Jupiter’s value is inferred (B16). In
Figure 3b, the ram pressure we derive is also shown rela-
tively to the value in the solar wind ram pressure in the
vicinity of the Earth (Pram,⊕ ' 2 × 10−8 dyn cm−2, cf. right
axis in Figure 3b). The stellar wind of GJ 436 reaches the
value of Pram,⊕ at a distance of ∼ 0.25 au, or about 123 R?,
which is much closer in than the equivalent distance at the
solar system.
At large distances, when the wind velocity has reached
terminal speed, the ram pressure falls off with r−2 (cf. red
dashed line in Figure 3b). As the star travels through the in-
terstellar medium (ISM), the ram pressure of the stellar wind
is balanced by the ram pressure of the interstellar “wind”
(PISM, e.g., Wood & Linsky 1998). Shock formation occurs,
thus, in the upwind direction, delimiting the size of the as-
trophere. As Pram ∝ r−2, the stand-off distance to the termi-
nation shock can be estimated as
Rast =
(
Pram(r1)
PISM
)1/2
r1 =
©­« Pram(r1)mpnISMv2ISM ª®¬
1/2
r1, (7)
where r1 is a reference radius within the regime obey-
ing the r−2 power-law decay, nISM is the ISM density of
neutral hydrogen and vISM is the ISM velocity as seen
by GJ 436. Assuming the ISM is homogeneous along the
line-of-sight toward GJ 436 and purely neutral4, we esti-
mate nISM = NISM/d = 0.03 cm−3, where the distance is
d = 10.14 pc and NISM = 1018 cm−2 is the ISM column den-
sity derived in Bourrier et al. (2015). These authors iden-
tified the ISM cloud along the line-of-sight toward GJ 436
as being most consistent with the Local Interstellar Cloud
(LIC). The heliocentric LIC flow vector in the direction of
GJ 436 is derived using the Local ISM Kinematic Calcula-
tor (Redfield & Linsky 2008) and the radial velocity of LIC
derived in Bourrier et al. (2015). The heliocentric velocity
of GJ 436 is calculated using its Hipparcos proper motion
(van Leeuwen 2007) and its radial velocity (Bourrier et al.
2015). With these, we obtain a relative velocity between the
ISM and GJ 436 of vISM = 81 km s−1 and a ram pressure of
PISM ∼ 3.3× 10−12 dyn cm−2. From Equation (7) and Figure
3b, we find that the distance to the termination shock in the
astrosphere of GJ 436 is ∼ 1.2×104 R?, which is about 25 au.
4 The local ISM is partly ionised, so the assumption that the
ISM is purely neutral is a crude one and gives a lower limit for
the ISM density. Consequently, the astrospheric size we derive is
to be considered an upper limit.
5 DISCUSSION
Close-in planets are conveniently located in the stellar wind
acceleration zone. By studying the interactions between
planets and the winds of their host stars, these planets can
be used as a much-needed additional tool for probing winds
of dwarf stars. Transit spectroscopy together with atmo-
spheric escape modelling can provide local velocities, densi-
ties and temperatures, which can then inform wind models,
allowing us to more accurately derive the global character-
istics of the stellar wind.
We used the local velocity and density determined in
a previous study of planetary evaporation by B16 to calcu-
late the mass-loss rate of GJ 436. The assumption we used
in this calculation is that the wind is spherically symmetric
[Eq. (4)]. Although this is likely not the case, asymmetries
in the wind mass fluxes become less important at large dis-
tances to the star (Vidotto et al. 2014a), as meridional flows
aid in the latitudinal redistribution of the flow. Vidotto et al.
(2014a) also showed that winds of stars with lower surface
magnetic field intensities (in fact, higher plasma-β parame-
ters) tend to be more homogeneous. Although the magnetic
field of GJ 436 has not been observationally reconstructed,
its relatively low activity (Ehrenreich et al. 2015) and old
age suggests lower magnetic activity (Vidotto et al. 2014b).
For the reasons stated, the mass-loss rates derived here un-
der the assumption of spherical symmetry are believed to be
robust.
Studies that can place more firm observationally-
derived constraints on the mass-loss rates of the winds of iso-
lated dM stars, such as our present study, are of extreme rel-
evance to the field of winds of dM stars, as estimates of mass-
loss rates of dM stars vary considerably. Here, we found that
the mass-loss rate of GJ 436 is ∼ [0.45, 2.5] × 10−15 M yr−1,
which is a factor of 0.02 to 0.13 the present-day solar mass-
loss rate ( ÛM = 2 × 10−14 M yr−1). The estimated mass-
loss rates of other dM stars are shown in Table 1. The
mass-loss rate of GJ 436 is consistent with all the upper
limits presented, but it is significantly lower than those of
isolated/non-interacting dM stars, such as EV Lac (M3.5,
1 ÛM, Wood et al. 2005), YZ CMi (M4.5, < 50 ÛM, Lim &
White 1996), and Prox Cen (M5.5, < 0.2 ÛM, Wood et al.
2001), all of which are more active than GJ 436, as can be
seen by comparing their X-ray luminosities. For interacting
binary systems, values of ÛM range from 0.001 to 0.3 ÛM for
mid- to late-dM stars (Debes 2006; Parsons et al. 2012). The
mass-loss rate of GJ 436 falls within this range, although it is
not clear whether winds of isolated stars are similar to the
winds of dM stars with very close companions. The wide
range in mass-loss rates are likely due to multiple factors,
such as age, magnetism (activity) and spectral types of each
particular target, as well as effects of the close companion.
Using astrospheric measurements, Wood et al. (2002,
2005) showed that, for G and K dwarfs, there seems to be a
relation between the mass-loss rate per unit surface area A?
and the X-ray flux FX
ÛM/A? ∝ F1.34X , for FX . 106 erg cm−2s−1. (8)
If we assume that Equation (8) can be extended to the dM
regime and can be applied to GJ 436, which has FX = 4.9 ×
104 erg cm−2s−1 (derived from an X-ray luminosity of 5.7 ×
1026 erg s−1, Table 2), Equation (8) would predict GJ 436
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to have a mass-loss rate of ∼ 4.8 × 10−15 M yr−1, which is
only about a factor of 4 higher than the value derived here.
Given the large uncertainties, this means that both values
are roughly in line. Note however that currently, it is not
clear whether relation (8) can be extended to dM stars, as
there is no dM star with FX . 106 erg cm−2s−1 whose wind
has been detected using the astrospheric technique.
In spite of what we believe to be a robust determina-
tion of mass-loss rate with our models, our model fails to
realistically compute the wind energetics (heating/cooling
mechanisms), due to our assumption of a wind with con-
stant temperature. Under the isothermal assumption, we
derived the temperature of the wind that is required to re-
produce the observed local wind velocity from B16. Our de-
rived wind temperature (4.1 × 105 K), however, does not
agree with the local proton temperature . 2.4 × 104 K de-
termined by B16. Reducing the wind temperature of our
models would reduce the wind velocity at the position of
the planet, no longer reproducing the observed velocities.
Therefore, a simple isothermal wind model fails to reproduce
simultaneously the observed local velocity and temperature.
We also run polytropic stellar wind models, which assume
that the temperature decays with ργ−1, where γ is known
as the polytropic index and is a free parameter. The poly-
tropic wind model approaches the isothermal wind model
as γ approaches 1. The polytropic index is usually assumed
to lie between 1.05 to 1.15, as this is similar to the effec-
tive adiabatic index of 1.1 measured in the solar wind (Van
Doorsselaere et al. 2011). In our polytropic wind models for
GJ 436, we adopted γ varying from 1.05 to 1.4 and a range of
wind base temperatures. We do not show the results of these
models here, as, similarly to the isothermal one, if we set the
base temperature to reproduce the local wind velocity, the
local temperature is larger than the measured one. A possi-
ble way to reconcile the modelled wind temperature with the
observed one would be to modify the heating/acceleration
mechanism of the wind to include dissipation of MHD waves.
It is expected that, after a quick increase in temperature
close to the star, winds should cool down as they expand,
as reproduced in MHD wave-driven wind models (Vidotto &
Jatenco-Pereira 2006; Falceta-Gonc¸alves et al. 2006). Such a
detailed study, which would also require incorporating mag-
netic field observations of GJ 436, will be deferred to a future
work. Another possibility to reconcile modelled and observed
temperatures would be if, somehow, the interaction between
the exoplanet’s exosphere would have cooled the neutralised
wind material.
The isothermal assumption also renders the inner fall-
off of the wind density with distance to be less accurate.
In isothermal wind models, the density decay is exponential
in the subsonic region, similarly to a hydrostatic structure.
Since a higher-than-observed wind temperature leads to a
more extended subsonic region (up to 12 – 15 R?), this means
that the inner density profile has a very steep dependence
with distance. Put in other words, the wind base density is
likely to be over-estimated in our models. The density profile
is less affected in the super-sonic region and, consequently,
more robust.
Similar to mass-loss rates, the ram pressure profile be-
yond the planetary orbit is also robustly derived in our mod-
els. By assuming pressure balance between the ram pressures
of the stellar wind and of the ISM, we estimated the dis-
tance to the termination shock in the astrosphere of GJ 436
to be ∼ 25 au. As the sizes of astrospheres depend on the
relative velocity of the stars through the ISM and on the
stellar wind ram pressures, they can vary considerably from
system to system. For example, the derived distances to the
termination shock are around 60 au for the dM star EV Lac,
∼ 20 au for the K dwarf 61 Cyg A, ∼ 800 au for  Eri (size to
the termination shock in Figure 2 in Wood et al. 2005 and
in Figure 2 in Wood et al. 2002) and about 80 au for the
Sun. Thus, the astrosphere of GJ 436 is more compact than
targets in the sample of Wood et al and the Sun.
6 CONCLUSIONS
In this paper, we modelled the wind of the planet-hosting
star GJ 436 in order to derive the global properties of the stel-
lar wind, such as the velocity and density profiles, tempera-
ture and mass-loss rates. Our wind models were constrained
by a previous study of planetary evaporation (B16), which
derived the local density and velocity of the stellar wind
(i.e., at the orbit of the transiting warm-neptune GJ 436b).
Given its convenient location in the wind acceleration zone,
GJ 436b was used as a probe for the wind of its host star.
Our models assumed a spherically symmetric, isother-
mal wind for the host star. By computing wind models with
different temperatures, we were able to find the wind tem-
perature that best reproduced the local observed wind ve-
locity. Our results were summarised in Table 3 and Figures 2
and 3. Our best-fit model has a temperature of 0.41+0.02−0.05 MK,
which reproduces the observed velocity of 866−16 km s
−1 at
the planet’s orbit. With our models, we found that the mass-
loss rate of GJ 436 is ÛM = 1.2+1.3−0.75 × 10−15 M yr−1. Table 1
compares the mass-loss rate we derived for GJ 436 with val-
ues estimated for other dM stars, including those that are
part of eclipsing binary systems. We note a wide range of
literature values of ÛM derived for other dM stars (2.2×10−17
to 2 × 10−14 M yr−1), in addition to some derived upper
limits. Although the mass-loss rate of GJ 436 is in line with
estimates of other dM stars, a more precise comparison is
less suitable as differences in age, magnetism (activity) and
possible effects of a close companion affect the mass-loss rate
of a star. The ÛM value we derived for the M dwarf GJ 436 is
also well in line to the one predicted by the relation between
mass-loss rates and X-ray flux (Wood et al. 2005) that was
derived for G and K dwarfs. As of now, the mass-loss rate of
GJ 436 is the weakest one ever detected for an isolated (or
non-interacting) dM star.
Because of the isothermal assumption used in our mod-
els, the inner density profile of the stellar wind (i.e., be-
low the orbit of the planet, which roughly coincides with
the sonic point) is likely to be overestimated. The density
profile beyond the planet’s orbit is more reliable though. Be-
yond the planet’s orbit, we showed that the stellar wind ram
pressure falls off with r−2. The ram pressure can be used to
compute the size of planetary magnetopauses (ionopauses),
in the case of magnetised planets (non-magnetised planets).
It can also be used to estimate the size of the astrosphere
surrounding GJ 436, i.e., the distance at which the wind of
GJ 436 reaches the interstellar medium. We found this dis-
tance to be around 25 au, which implies a compact astro-
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sphere surrounding GJ 436 (c.f., the distance to the termi-
nation shock in the heliosphere is about 80 au).
We demonstrated in this paper that transmission spec-
troscopy, coupled to planetary atmospheric evaporation and
stellar wind models, can be a useful tool for constraining
the winds of planet-hosting stars. Generalising our approach
to the other planetary systems similar to GJ 436 that will
be discovered by upcoming transit surveys (for example,
with K2, CHEOPS, TESS and PLATO missions) will open
new perspectives for the combined characterisation of plan-
etary exospheres and winds of cool dwarf stars. So far, only
one planet has been confirmed around GJ 436. However,
we reckon that transmission spectroscopy in multi-planetary
systems could provide multiple constraints on velocity, den-
sity and temperature profiles of the stellar winds, if one can
determine the local characteristics of the host star’s wind
at different distances from the star. The old K-dwarf star
Kepler-444, which hosts a compact planetary system with
five sub-Earth-sized exoplanets, might present such an op-
portunity. Kepler-444 shows strong variations in the Ly-
α line that could be arising from extended hydrogen ex-
ospheres around the outer planets (Bourrier et al. 2017).
Modelling of the wind-exosphere interaction in these planets
might present the first opportunity to derive the local stellar
wind characteristics at various distances from the star.
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